Background: Canonical histones are regulated by stem-loop-binding protein (SLBP) and are expressed during S phase. Results: Arsenic decreases SLBP levels via epigenetic mechanisms, and histone mRNAs acquire a poly(A) tail. Conclusion: Poly(A) tails allow for the presence of canonical histones outside of S phase. Significance: These mechanisms may be involved in arsenic-induced carcinogenesis.
Arsenic is a well established human carcinogen, and even today millions of people are exposed to dangerous levels of naturally occurring arsenic in drinking water throughout the world (1) . Exposure to a carcinogenic metal, such as arsenic, has been associated with altered gene expression patterns both in vitro and in vivo, and it has been demonstrated that the arsenic-induced changes in gene expression may be epigenetically regulated (2) (3) (4) (5) (6) (7) (8) (9) . Although arsenic is capable of inducing changes in gene expression by altering the levels of post-translational histone modifications in the promoters of genes, alterations in the expression of the histone genes themselves by arsenic has not been studied. Addressing this question may provide insight into arsenic-induced carcinogenesis because alterations in histone stoichiometry contribute to genomic instability. Histone genes are highly conserved (10) and can be classified into three distinct groups: 1) replication-dependent genes, which encode the canonical histones, whose expression is limited to the S phase of the cell cycle, such as the histone H3.1; 2) replication-independent genes, which encode the so-called "replacement histones" that are expressed at low but constant levels throughout the cell cycle and in non-dividing differentiated cells, such as the histone variant H3.3; and 3) genes encoding tissue-specific isotypes, such as the exclusively testicularly expressed mammalian H1t and H3t (11) . Interestingly, the canonical histone genes are the only metazoan genes whose messenger RNA (mRNA) does not terminate at the 3Ј-end with a poly(A) tail. Instead of a poly(A) tail, canonical histones contain a conserved 26-nucleotide sequence that can form a stem-loop structure, consisting of a four-nucleotide loop and a six-base pair stem. These 26 highly conserved nucleotides are the binding site for the stem-loop-binding protein (SLBP) 4 (10) . SLBP is critical for canonical histone pre-mRNA processing and histone mRNA translation (12) and is a major mediator of histone mRNA stability (13, 14) . During the normal transcription of canonical histone genes, the stem-loop structure at the 3Ј-UTR end of mRNAs and numerous associated proteins, i.e. SLBP, U7 RNA of the U7 small nuclear ribonucleoprotein, will form a stable complex, which will subsequently assemble with other additional factors including heat-labile factor and hypothetical cleavage factor, resulting in the cleavage of the pre-mRNA (10) . The SLBP accompa-nies the mature histone mRNA into the cytoplasm as a component of the histone messenger ribonucleoprotein particle where it participates in efficient translation of histone mRNA (15) . Mutations or depletion of SLBP can result in misprocessing of the canonical histone mRNA, leading to the aberrant expression of polyadenylated mRNA from each of the five histone genes (16 -18) .
SLBP is dynamic and cell cycle-regulated. SLBP accumulates and is depleted in parallel to histone mRNAs; they rapidly increase at the G 1 /S phase transition, remain high throughout S phase, and begin to fall dramatically at the end of S phase (19) . Translation regulation and proteasomal degradation function cooperatively to maintain very low SLBP levels in G 1 phase, and these events are independent of the proteasomal degradation pathway mediating SLBP degradation at the S/G 2 transition (20) . Although several studies have shown the post-translational mechanisms of SLBP depletion, the mechanism underlying transcriptional regulation of SLBP expression is not clear.
Although arsenic is considered a weak mutagen, many studies demonstrate that arsenic exerts its toxicity and carcinogenicity primarily through epigenetic mechanisms. Arsenic has been demonstrated to silence genes by increasing DNA methylation and altering histone modifications at the promoter of genes (21, 22) . The mechanisms underlying arsenic-induced epigenetic alterations are vague, but various investigations have reported on the effect of arsenic on a number of epigenetic enzymes, such as EZH2 (23, 24) and G9a (25) . In this study, we identified a new response to arsenic exposure causing the depletion of SLBP via epigenetic regulation at its promoter and enhanced proteasomal degradation. This effect subsequently led to a dramatic increase in polyadenylated H3.1 mRNA, resulting in increased total H3.1 mRNA and H3 protein levels and the presence of H3.1 transcripts in M phase of the cell cycle. To our knowledge, this is the first study to report the aberrant polyadenylation of canonical histone mRNA by a human carcinogen.
EXPERIMENTAL PROCEDURES
Peripheral Blood Mononuclear Cell (PBMC) Sample Collection-Blood samples for PBMCs were obtained by venipuncture from a volunteer. Blood was collected into heparin-containing Vacutainer tubes, and PBMCs were isolated using a standard Ficoll-Hypaque separation technique. After isolation, PBMCs were plated at a density of 5 ϫ 10 5 /ml in 10-cm 2 culture dishes and allowed to incubate overnight prior to treatment.
Cell Culture and Transformation-BEAS-2 B (human bronchial epithelial cells) and A549 (adenocarcinomic human alveolar basal epithelial cells) were cultured in DMEM containing 10% inactivated FBS and 1% penicillin-streptomycin. PBMCs and BL41(Burkitt lymphoma cells) were cultured in RPMI 1640 medium containing 10% inactivated FBS, 1% penicillin-streptomycin, and 1% glutamate. All cells were cultured at 37°C in an incubator with a humidified atmosphere containing 5% CO 2 , 95% air. BL41 and PBMCs were plated at 5 ϫ 10 5 /ml in 10-cm 2 culture dishes; BEAS-2B and A549 cells were plated at 2.5 ϫ 10 5 /ml in 10-cm 2 culture dishes. For arsenic exposure, cells were treated with sodium meta-arsenite (NaAsO 2 ) with doses ranging from 0 to 1 M for 48 h. BEAS-2B, arsenic-transformed BEAS-2B, and Cr(VI)-transformed clones (26, 27) , respectively, were grown in DMEM containing 10% FBS and 1% penicillinstreptomycin. Transformation assays were conducted as described previously (28, 29) . BEAS-2B cells obtained from transformed and non-transformed arsenic clones were plated and cultured for 24 h without arsenic. To inhibit proteasome activity, BL41 and BEAS-2B cells were co-cultured with MG-132 (Calbiochem/EMD) (0.1 M) and 0 -1 M sodium arsenite for 48 h. To inhibit DNA methyltransferase I activity, cells were treated with10 M o5-aza-2Ј-deoxycytidine for 48 h after an initial 48 h exposure of 1 M arsenic. To inhibit histone deacetylase activity, cells were treated with 5 mM sodium butyrate for 16 h after an initial 48-h exposure to 1 M arsenic.
RNA Isolation, Amplification, and Hybridization for Gene Expression-Total RNA was extracted from each sample using TRIzol (Invitrogen) according to the manufacturer's protocol. cRNA probes were synthesized and labeled using the Gene-Chip Whole Transcript Terminal Labeling Expression kit (Affymetrix) and subjected to hybridization with the GeneChip Human Gene 1.0 ST Array (Affymetrix), which contains 28,869 well annotated genes. Hybridization and scanning of the arrays were performed using a standard procedure.
Data Analysis to Identify Differentially Expressed Genes-Microarray data analysis was performed as described previously (28) . Briefly, the data analysis was performed using Gene-Spring v12.0 (Agilent Technologies). The expression value of each probe set was determined after quantile normalization using the robust multiarray average algorithm and baseline transformation to the median levels of control samples. Differentially expressed genes were identified using one-way analysis of variance (p Ͻ 0.05). Functional annotation was analyzed with the gene ontology classification system using DAVID software.
Real Time Quantitative PCR-Total RNA was extracted from each cell line using TRIzol (Invitrogen) and converted to single-stranded cDNA using the SuperScript III First-Strand Synthesis System (Invitrogen) according to the manufacturer's instruction with oligo(dT) primers used to examine the polyadenylation status of the histone genes. Quantitative real time PCR analysis was performed using Power SYBR Green PCR Master Mix (Qiagen) on the ABI PRISM 7900HT system. All PCRs were performed in triplicate. Relative gene expression levels were normalized to GAPDH or ␤-actin expression. The results are presented as -fold change to the level expressed in control cells. The SLBP primers used are as follows: forward, 5Ј-CAGTCTTGCCACAACTTCAATC-3Ј; reverse, 5Ј-ATGGA-GCCGATTATGAGAACAC-3Ј.
Northern Blotting-BEAS-2B cells were treated with 1 M arsenic for 48 h. Total RNA was extracted using TRIzol reagent (Ambion) following the manufacturer's protocol. Polyadenylated (poly(A) ϩ ) mRNA was purified from 75 g of total RNA using the Dynabeads mRNA Purification kit (Ambion). The unbound flow-through fraction was also collected as poly(A) Ϫ mRNA. All obtained poly(A) ϩ mRNA, 10 g of total RNA, and 10 g of poly(A) Ϫ mRNA were separated on an agarose gel and transferred to a nylon membrane for Northern blotting. H3.1 cDNA was used as the probe.
The H3.1 cDNA was obtained by double digestion and gel extraction from pcDNA3.1-FLAG-H3.1 plasmid, which was previously constructed by our laboratory. 25 ng of H3.1 cDNA was then labeled with [␣-32 P]dCTP to generate DNA probe using the Random Primers DNA Labeling System (Invitrogen). The labeled DNA probe was purified using a Probe Quant G-50 microcolumn (Amersham Biosciences) and added to the membrane for hybridization using rapid hybridization buffer (Amersham Biosciences). The membrane was washed, UV crosslinked, and then exposed to a phosphorimaging screen. The phosphorimaging screen was finally scanned by Typhoon FLA 1000 (GE Healthcare), and the data were analyzed and quantitated by ImageQuant TL 1D v8.1 (GE Healthcare) and ImageJ software. All procedures were carried out according to the manufacturer's protocol.
Whole-cell Protein Extraction-Whole-cell lysates were extracted by incubating with ice-cold radioimmunoprecipitation assay buffer (50 mM Tris-HCl, pH 7.4, 1% Nonidet P-40, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA) supplemented with a protease inhibitor mixture for 20 min on ice followed by centrifugation at 14,000 ϫ g for 15 min. The supernatant was collected as whole-cell lysate.
Western Blotting-The protein concentration was determined using Bio-Rad DC (detergent-compatible) protein assay, and 15 g of total protein was separated by 15% SDS-PAGE and transferred to PVDF membranes. Immunoblotting was performed with anti-stem-loop-binding protein antibody, anti-histone 3 rabbit polyclonal antibody, anti-mouse monoclonal actin, secondary anti-rabbit HRP-conjugated antibody, and secondary anti-mouse HRP-conjugated antibody (Abcam). The detection was accomplished by chemical fluorescence following an ECL Western blotting protocol with Pierce ECL Western Blotting Substrate.
Sodium Butyrate and 5-Aza-2Ј-deoxycytidine Treatment-To test whether the reduction of SLBP mRNA level by arsenic treatment is regulated via epigenetic mechanisms, we treated BEAS-2B cells with an inhibitor of histone acetylation (sodium butyrate) or DNA methylation (5-aza-2Ј-deoxycytidine) after arsenic exposure. The BEAS-2B cells were first treated with 0 or 1 M arsenic for 48 h and then treated with 5 mM sodium butyrate for 24 h or treated with 10 M 5-aza-2Ј-deoxycytidine for a total of 48 h with a medium change after 24 h, respectively. The cells were collected, and total RNA was extracted for quantitative real time PCR (RT-qPCR) to monitor change in the SLBP mRNA level. The SLBP primers are listed above. ␥-Tubulin was used as internal control, and the primers used are as follows: forward, 5Ј-CGGCTGAATGACAGGTATCCTA-3Ј; reverse, 5Ј-CTCGTCCTGGTTGGGAAACA-3Ј.
Chromatin Immunoprecipitation-Mono-and dinucleosomes were purified by sucrose gradient from arsenic-treated and untreated BEAS-2B cells as described (29) . ChIP was performed using H3K4 trimethylation (H3K4me3) antibody (Millipore 07-473) and H3K27 trimethylation (H3K27me3) antibody (Millipore 07-449). The primers used for qPCR are as follows: SLBP forward, 5Ј-GGGATGGTGCGGATCTACAG-3Ј; SLBP reverse, 5Ј-GTTGACTGGGTTTGTATCCTGAAGA-3Ј; ␥-globin forward, 5Ј-TCTACCCATGGACCCAGAGGT-3Ј; ␥-globin reverse, 5Ј-CCACATGCAGCTTGTCACAGT-3Ј.
SLBP Overexpression-Human embryonic kidney 293 (HEK293) cells were transfected with either an empty pcDNA-FLAG mammalian expression vector or a pcDNA-FLAG-SLBP vector using Lipofectamine reagent (Invitrogen). 24 h later, transfected cells were treated with NaAsO 2 (Sigma) at the indicated concentrations for 48 h. At the end of the treatment, total proteins and total RNAs were collected from the cell samples for Western blotting and RT-PCR analyses, respectively.
Cell Synchronization-BEAS-2B cell synchronization was achieved by double thymidine block or nocodazole treatment. Cells were treated with 2 mM thymidine for 24 h, released in fresh DMEM for 14 h, and treated with 2 mM thymidine for another 24 h. The cells were then collected at G 1 /early S phase, released in fresh medium for 2 h at mid-S or released for 5 h at late S. To get mitosis-arrested cells, BEAS-2B cells were treated with 2 mM thymidine for 24 h, released in fresh DMEM for 3 h, and treated with 200 ng/ml nocodazole for another 16 h. The M phase-arrested cells were harvested by shake-off with gentle pipetting. Arsenic was added during the synchronization process to make sure the total treatment time was 48 h.
Statistical Procedures-Statistical significance was calculated using an unpaired, two-tailed t test with * indicating a p value less than 0.05 and ** indicating a p value less than 0.01.
RESULTS

Arsenic Increases Histone Cluster Gene Expression at Transcriptional and Protein
Levels-Exposure to arsenic has been associated with altered gene expression in both in vitro and in vivo models (3, 4, 30, 31) , and various studies have demonstrated that PMBCs collected from individuals exposed to arsenic exhibit marked changes in their gene expression (3, 4) . Therefore, to mimic environmentally relevant doses of exposure and identify gene expression alterations, we exposed PBMCs to low doses of arsenic (0 -1 M) for 48 h and analyzed their gene expression profiles using 1.0 ST Affymetrix gene chips. 1 M arsenic is equivalent to 163 ppb arsenic, and many individuals are exposed to much higher levels in Bangladesh, e.g. 500 ppb (32) . A study by Arain et al. (33) shows that individuals exposed to drinking water contaminated with 53-175 ppb arsenic have blood arsenic levels between 2.39 and 7.66 g/liter. The Agency for Toxic Substances and Disease Registry states that normal blood arsenic levels should be under 1 g/liter. Unexpectedly, we observed that 90% of all histone genes were up-regulated by arsenic. Of all the up-regulated genes, 61 were histone genes, amounting to 6, 7, and 8% of the up-regulated genes at 0.1, 0.5, and 1 M treatments, respectively (supplemental Table S1), that encode canonical histones. These histone genes were not only the most abundantly up-regulated set of genes, but they were also among the genes with the highest -fold increases ( Fig. 1A) .
To validate the results obtained from our microarray study, RT-qPCR was performed on a subset of four genes, including the H3.1 gene, which exhibited at least a 2-fold change in gene expression. Random primers were used to detect total mRNA. Three up-regulated genes (H3.1, MTG1, and HMOX1) and one down-regulated gene (GMZK) were chosen based on their levels of expression in the microarray study. Differential expression of these genes in either control or arsenic-treated samples as measured by RT-qPCR was in agreement with the microar-Arsenic Induces Polyadenylated H3.1 mRNA and Decreases SLBP ray results (Fig. 1, B and D-F). Note the dose-dependent increase in H3.1 mRNA ( Fig. 1B) .
We next utilized a Burkitt lymphoma cell line, BL41, to further examine whether arsenic also changes histone protein levels. The BL41 cell line has widely been used in arsenic studies because of their increased sensitivity to arsenic treatment (34 -43) . Western blotting results show that H3 protein levels were increased by 1 M arsenic treatment in BL41 cells (Fig. 1C) . Moreover, an investigation in immortalized human bronchial epithelial BEAS-2B cells supported these findings by demonstrating that 0.5 and 1.0 M arsenic treatments increased H3 protein levels in a dose-dependent manner (see Fig. 4A ). We conclude that arsenic exposure increases histone mRNA and protein levels.
Arsenic Causes an Increase in Polyadenylation of H3.1 mRNA-The increase in histone mRNA could be due to increased gene transcription or increased mRNA stability. Histone mRNAs do not contain a poly(A) tail. Poly(A) tails are a feature of mRNAs that increases the half-life and stability of the mRNA. The aberrant pre-mRNA processing results in an accumulation of polyadenylated histone mRNA, which may contribute to the observed increase in histone mRNA levels following arsenic exposure. To test the possibility, we used Northern blotting to measure the percentage of polyadenylated H3.1 mRNA in total H3.1 mRNA before and after arsenic exposure. BEAS-2B cells were utilized because of the known association of arsenic exposure and lung cancer (44) as well as the ability of this cell line to undergo malignant transformation after metal exposure (21, 22, 27, 45) . Poly(A) ϩ mRNAs were purified from total RNA using poly(dT) beads, and the unbound fraction was designated as the poly(A) Ϫ fraction. Northern blotting was carried out using H3.1 cDNA as the probe. As shown in Fig. 2A , three bands were detected from total RNA substrate (lanes 2 and 5). The top band appears to be nonspecific because it was absent in both poly(A) ϩ (lanes 4 and 7) and poly(A) Ϫ fractions (lanes 3 and 6).
The middle band and the bottom band represent H3.1 mRNA with and without a poly(A) tail, respectively, because they were detectable in poly(A) ϩ (lanes 4 and 7) and poly(A) Ϫ fractions (lanes 3 and 6), respectively. About 25% of H3.1 mRNA was already polyadenylated even in the absence of arsenic (lane 2). Notably, the amount of polyadenylated H3.1 mRNA was doubled following arsenic exposure (Fig. 2B ).
Next, we applied RT-qPCR to confirm the arsenic-induced increase of poly(A) H3.1 mRNA (Fig. 2C ). During reverse transcription, random hexamers prime randomly along the RNAs, whereas oligo(dT) primers only prime at poly(A) tails of mRNA. Thus, utilizing PCR amplifications using cDNAs resulting from random hexamers and oligo(dT) primers, we were able to measure the relative amount of total mRNA and poly(A) ϩ mRNA, respectively. In agreement with the Northern blotting analysis, polyadenylated H3.1 mRNA was increased by arsenic exposure (Fig. 2C ). Arsenic-induced up-regulation of polyadenylated H3.1 mRNA was confirmed in two other cell lines, BL41 (human lung carcinoma cells) and PBMCs (Fig. 2 , D and E).
We next examined whether polyadenylation of histone mRNA is arsenic-specific. Whereas the marked increase in polyadenylation of H3.1 mRNA was observed in arsenic-transformed BEAS-2B clones, it was absent in Cr(VI)-transformed BEAS-2B clones, indicating that the aberrant polyadenylation may be specific to arsenic and not other metals ( Fig. 3) .
Arsenic Down-regulates SLBP Expression by Enhancing Its Proteasomal Degradation-Because SLBP is essential for canonical histone mRNA processing (47) and its depletion or mutation can result in an increase of aberrantly polyadenylated histone mRNA (16) , we decided to investigate whether protein levels of SLBP are affected by arsenic exposure. A 48-h treatment with arsenic in BEAS-2B decreased SLBP (Fig. 4A ), and this depletion was confirmed in arsenic-transformed BEAS-2B clones and BL41 cells ( Fig. 4 , B and C). SLBP can undergo proteasomal degradation when it becomes phosphorylated at Thr-60 and Thr-61 (48) . To investigate whether increased proteasomal degradation of SLBP contributed to arsenic-induced depletion of SLBP, we treated BEAS-2B cells with arsenic in the presence of the proteasomal inhibitor MG-132. As expected the exposure to arsenic alone resulted in a decrease of SLBP protein levels at 1 M. However, when BEAS-2B cells were treated with arsenic in the presence of 0.1 M MG-132, the depletion of SLBP was markedly decreased at that same concentration of arsenic, indicating that arsenic treatment depletes SLBP by inducing its proteasomal degradation ( Fig. 5 ).
Arsenic Depletes SLBP by Epigenetically Regulating SLBP mRNA Expression-To examine whether other mechanisms contributed to arsenic-induced reduction of SLBP, we investigated the effects of arsenic on SLBP mRNA. Interestingly, we found that the expression of mRNA for SLBP was decreased by 40% in BEAS-2B (Fig. 6, A and B) .
Given that previous studies have shown that arsenic can alter histone modifications and DNA methylation at the promoters of genes, leading to gene silencing (22, 25, 49) , we decided to investigate whether the arsenic-induced down-regulation of SLBP mRNA was epigenetically regulated. Fig. 6B shows that the arsenic-induced reduction of SLBP mRNA levels can be rescued by an inhibitor of histone deacetylases (sodium butyrate) or DNA methyltransferases (5-azacytidine), suggesting that the effect of arsenic on SLBP transcription is regulated by epigenetic mechanisms. This was further supported by ChIP assays. In the presence of arsenic, H3K4me3, an active transcriptional mark, was decreased by more than 50% around the SLBP promoter region (Fig. 6C ). ␥-Tubulin was used as internal control. No significant change in H3K27me3 levels, a mark associated with repressive transcription, was observed before and after arsenic treatment (Fig. 6C) .
Overexpression of SLBP Prevents Arsenic-induced Polyadenylation of H3.1 mRNA-To further address the role of SLBP in arsenic-induced misprocessing of canonical histone mRNA, we investigated whether overexpression of SLBP could suppress the increase in polyadenylated H3.1 mRNA induced by arsenic exposure. Given their increased ability for transfection efficiency, HEK293 cells were utilized. Interestingly, overexpression of FLAG-tagged SLBP decreased the level of polyadenylated H3.1 mRNA even in the absence of arsenic treatment (Fig. 7A ). In addition, treatment of cells with 0.5 M arsenic resulted in the suppression of endogenous SLBP protein and an increase in H3.1 polyadenylation (Fig. 7) . Notably, in the cells overexpressing FLAG-tagged SLBP, arsenic exposure failed to increase polyadenylated H3.1 mRNA (Fig. 7A) , suggesting that SLBP plays a key role in the arsenic-induced polyadenylation of histone mRNA.
Polyadenylated H3.1 mRNA Exists to a Greater Extent Outside of S Phase-The polyadenylated canonical histone mRNA is not susceptible to normal degradation that occurs at the end of S phase, which may result in the presence of a greater amount of canonical histone mRNA outside of S phase. This may have a significant impact on cellular processes because a failure to repress histone expression following DNA replication is highly FIGURE 2. Polyadenylated H3.1 mRNA is doubled by arsenic treatment. A, Northern blot. Total RNA was prepared from BEAS-2B cells treated or untreated with 1 M arsenic for 48 h. 75 g was used to purify poly(A) ϩ mRNA using poly(dT) beads, and all purified polyadenylated mRNA was separated on the agarose gel (lanes 4 and 7) . The unbound flow-through fraction was designated as poly(A) Ϫ . 10 g of total mRNA and poly(A) ϩ fractions were also separated on the gel. Northern blot was carried out using H3.1 cDNA as the probe. The poly(A) Ϫ fractions in treated cells are decreased by arsenic exposure, whereas poly(A) ϩ fractions are increased (compare lanes 2 and 5). B, ImageJ quantification of the bands in lanes 2 and 5 of Fig. 2A . The bar graph shows relative quantification of polyadenylated H3.1 mRNA. The band intensities from lanes 2 and 5 in A were quantified using ImageJ software. The sum of poly(A) ϩ and poly(A) Ϫ in each lane was designated as "total" and set to 1, respectively. The percentage of the poly(A) ϩ fraction was calculated by dividing the intensity of the poly(A) ϩ band by each total. C, total mRNA and poly(A) ϩ mRNA were purified by using random and poly(dT) primers in a reverse transcription reaction, respectively. The levels of total H3.1 mRNA and poly(A) ϩ H3.1 mRNA were measured by qPCR and normalized by GAPDH. The total mRNA before and after the treatment was set to 1, respectively. D and E, total RNA was extracted from each cell line after a 48-h treatment with 0, 01, 0.5, or 1 M NaAsO 2 . mRNA was then converted to cDNA using oligo(dT) primers. H3.1 polyadenylation was then measured by quantitative RT-PCR. Polyadenylation levels of H3.1 in PBMCs (D) and BL41 cells (E) are shown. The relative gene expression level was normalized to 18 S rRNA expression and is presented as -fold change to the level expressed in each cell line. Error bars represent S.D. toxic due to abnormal chromosome segregation in mitosis (50) . To test the possibility that arsenic-induced polyadenylation of H3.1 mRNA allows for its presence outside of S phase, we synchronized BEAS-2B cells in the presence or absence of 1 M arsenic for 48 h. Cell cycle phase was analyzed by propidium iodide staining using flow cytometry (not shown). RT-qPCR was used to measure the levels of polyadenylated mRNA. Arsenic exposure decreased mRNA for SLBP in the G 1 /early S and mid-S phases (Fig. 8A) , and this was accompanied by increased polyadenylated H3.1 mRNA in the mid-and later parts of S phase (Fig. 8B) . Importantly, the levels of polyadenylated H3.1 mRNA were increased almost 3-fold during mitosis by arsenic exposure as compared with the control (Fig. 8B ).
DISCUSSION
This is the first study to describe aberrant polyadenylation of H3.1 mRNA as a result of a loss of SLBP induced by arsenic exposure. Arsenic ultimately works to deplete SLBP at the mRNA and protein levels by inducing epigenetic changes at the SLBP promoter and promoting its proteasomal degradation. These events subsequently lead to an increase in H3.1 polyadenylated mRNA and H3 protein levels and the presence of H3.1 mRNA and probably other canonical histone mRNAs outside of S phase.
Arsenic-induced Increase in Histone Gene Expression and Polyadenylation of Canonical Histone mRNA-Microarray
analysis of arsenic-treated PBMCs displayed a remarkable increase in 61 histone genes. Arsenic has been demonstrated to affect the global landscape of histone modifications in the cell (1) as well as alter the expression of histone modifying enzymes such as EZH2 (23); however, this is the first time arsenic has been reported to increase the expression of the histone genes themselves and remarkably on a large scale.
We discovered that the observed increase in canonical histone gene expression was at least in part due to the aberrant polyadenylation of canonical histone mRNAs, and this was confirmed in a number of cell lines, such as BEAS-2B, arsenictransformed BEAS-2B, BL41, and PBMC (Fig. 2) . Although the arsenic-induced increase of H3.1 poly(A) mRNA was evident, there still appears to be a great deal of H3.1 mRNA without a poly(A) tail after arsenic treatment. Moreover, 1 M arsenic only partially depletes SLBP protein levels in BEAS-2B ( Fig.  4A ), indicating that H3.1 mRNA stability and translation are still being facilitated by SLBP to some extent after arsenic exposure. Lanzotti et al. (16) found that Drosophila embryos containing a mutation in the SLBP gene displayed alternative processing of only a portion of canonical histone transcripts, whereas some transcripts were still processed via a stem-loop structure. In this study, we observed a dose effect of arsenic on H3.1 poly(A) mRNA and SLBP protein levels in several cell lines; perhaps higher arsenic doses could completely abolish SLBP processing of H3.1 mRNA. Although many H3.1 transcripts are still processed via SLBP after arsenic exposure, the arsenic-induced increase in H3.1 mRNA is still likely to have a large impact on the cell given that the poly(A) tail increases translation and stability of transcripts. Also, the poly(A) tail will allow the mRNA to bypass normal degradation processes for canonical histone mRNAs that occur at the end of S phase, which will provide for its presence outside of S phase as seen in Fig. 8 .
Polyadenylated H3.1 mRNA was detected at significantly high levels after a 48-h arsenic treatment in the cancer cell line BL41, but a smaller increase was observed in the non-cancerous human PBMCs (Fig. 2D) . Given the tendency of cancer cells to quickly adapt to perturbations in its environment, the cancer NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31757 cell lines are likely to be better poised than normal PBMCs to promptly respond to loss of a critical protein, such as SLBP, which facilitates cellular division. Polyadenylated H3.1 mRNA (Fig. 2D ) was not as high as total H3.1 mRNA (transcripts with or without a poly(A) tail) ( Fig. 1B) in arsenic-treated PBMCs. This alludes to the possibility that arsenic may be affecting H3.1 on the transcriptional level as well as the post-transcriptional level. Further studies are needed to verify what kind of mechanisms other than the addition of poly(A) tails are involved in the observed increase in canonical histone mRNAs in PBMCs.
Arsenic Induces Polyadenylated H3.1 mRNA and Decreases SLBP
Arsenic-transformed BEAS-2B clones contained high levels of polyadenylated H3.1 mRNA compared with control clones (Fig. 3A) . Cr(VI)-transformed BEAS-2B clones did not display an increase in H3.1 poly(A) mRNA (Fig. 3B ). The observance that Cr(VI)-transformed clones did not display poly(A) H3.1 mRNA indicates that Cr(VI) exposure is unlikely to induce depletion of SLBP. Thus, we postulate that the mode of action of arsenic to decrease SLBP levels and induce aberrant polyadenylation of H3.1 mRNA is likely due to a toxic effect specific to arsenic that is not observed in Cr(VI) toxicity.
Arsenic exposure also increases H3 protein levels in BL41 cells (Fig. 1C) as well as BEAS-2B cells (Fig. 4A) . The increase likely occurred because of the aberrant polyadenylation of H3.1 mRNA. The highest dose of arsenic, 1 M, resulted in the highest increase in H3 protein levels for both cell lines, and this dose also induced the most dramatic increase in polyadenylated H3.1 mRNA (Fig. 2, D and E) . BEAS-2B cells treated with 0.5 M arsenic also displayed a statistically significant increase in polyadenylated H3.1 mRNA. Polyadenylation of mRNA affords increased stability and translation compared with normal canonical histone processing. Because untreated BL41 cells maintained expression of SLBP ( Fig. 4C ) and contained only basal levels of polyadenylated H3.1 mRNA ( Fig. 2E ), H3.1 mRNA stability and translation were regulated by SLBP in con- . SLBP protein levels are decreased by arsenic treatment. BEAS-2B and BL41 cells were treated with 0, 0.1, 0.5, or 1 MNaAsO 2 for 48 h, and BEAS-2B clones were transformed with NaAsO 2 . Cells were lysed with radioimmune precipitation assay buffer, and whole-cell lysate was run on 12% SDS acrylamide gels. A, representative Western blot of SLBP and H3 protein levels in BEAS-2B cells. Band intensities were quantified using Image J software. B, representative Western blot of SLBP protein levels in arsenic-transformed BEAS-2B clones and spontaneous clones. Band intensities were quantified using ImageJ software. Band intensities were pooled for control clones and arsenic-transformed clones to better visualize the dramatic decrease of SLBP levels in arsenic-transformed clones. C, representative Western blot of SLBP protein levels in BL41 cells. Band intensities were quantified using ImageJ software. Statistical significance was calculated using an unpaired, two-tailed t test with * indicating a p value less than 0.05 and ** indicating a p value less than 0.01. Error bars represent S.D. Contr., control.
trol cells. Therefore, Figs. 1C, 2E, and 4C allow comparison of SLBP versus poly(A) regulation of H3.1 mRNA on the outcome of protein expression. The poly(A) tail increases the half-life of the mRNA by acting as a wall protecting the mRNA from degradation, whereas enzymes in the cytosol gradually degrade it until they reach the mRNA (51) . The poly(A) tail also functions to enhance translation of the transcript by guiding the mRNA to the ribosome and promoting initiation of translation (51) . Similar to a poly(A) tail, SLBP in conjunction with other RNAbinding proteins stabilize the transcript and facilitate translation (47); however, our results demonstrate that 3Ј polyadenylation performs these functions more efficiently.
Possible Mechanisms of Polyadenylation of Canonical Histone mRNA-The mechanisms underlying poly(A) tail formation following the depletion of SLBP are unclear and require further investigation. After nuclear levels of SLBP have been depleted, the stem-loop structure is unbound and via an unknown mechanism is degraded, allowing the formation of the poly(A) tail. Normally, there are two proteins attached directly to the stem-loop structure, SLBP and 3ЈhExo, a 3Ј-5Ј exoribonuclease, both of which bind cooperatively (52, 53) . When one binds, the stem-loop conformation is changed, and there is an increased affinity for the other to bind. There are large conformational differences between the stem-loop in the complex versus that in free solution (52, 53) . Future studies should investigate the possible role of 3ЈhExo in the degradation of the stem-loop structure prior to polyadenylation. Given the role of 3ЈhExo in the degradation of canonical histone mRNA at the end of S phase (52, 54) , it is possible that this enzyme is being stimulated by the altered stem-loop conforma-tion due to the absence of SLBP to degrade the stem-loop structure prior to polyadenylation.
Other hypotheses point toward the notion that polyadenylation occurs on the transcript due to downstream poly(A) signal sequences in the canonical histone genes. At least one canonical (AAUAAA) poly(A) signal sequence is present in the region 3Ј of all five histone genes (16) . It is unclear whether transcription through the poly(A) signal sequence also includes the stem-loop structure or whether the stemloop sequence is skipped over by the RNA polymerase. Alternatively, the stem-loop structure could be spliced out of the mRNA post-transcriptionally.
Arsenic-induced Depletion of SLBP-Several studies have reported that polyadenylated canonical histone mRNAs occur in cells that have a mutation in the SLBP gene or have lost SLBP protein expression (10, 12, 16) . Our study is in agreement with these observations by demonstrating that cell lines expressing polyadenylated H3.1 mRNA also display depleted SLBP protein levels. BEAS-2B, BL41, and arsenic-transformed BEAS-2B clones contained lower SLBP levels than their control counterparts ( Fig. 4) .
A decrease in SLBP mRNA occurred after arsenic exposure; however, the decrease in mRNA was not as dramatic as the decrease in SLBP protein levels, indicating that arsenic affects SLBP at both mRNA and protein levels. Our study demonstrates that arsenic-induced depletion of SLBP is mediated by proteasomal degradation (Fig. 5) .
The mechanisms underlying arsenic-induced SLBP degradation are still unclear. Tang et al. (55) reported that arsenic inhibits CK2 activity, whereas an investigation by McNeely et Arsenic Induces Polyadenylated H3.1 mRNA and Decreases SLBP NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46
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al. (56) demonstrated that arsenic enhanced the activity of Cdk1. Degradation of promyelocytic leukemia protein is dependent on phosphorylation by CK2 (57); however, arsenicinduced degradation of promyelocytic leukemia protein occurs without CK2 phosphorylation (58) . Based on these findings, it is possible that arsenic-induced SLBP degradation may be mediated by alternative mechanisms to CK2 that occur at an early stage of S phase either by phosphorylating Thr-60 prematurely or modifying another site on SLBP that signals degradation. The studies cited above indicate that arsenic influences the activity of the kinases that control SLBP degradation; whether the machinery is repressed or enhanced by arsenic may be different among cell types. It is worth noting here that phosphor-FIGURE 6. Arsenic down-regulates SLBP mRNA via epigenetic mechanisms. A, arsenic-induced reduction of the SLBP mRNA level was rescued by inhibitors of histone acetylation. After treating BEAS-2B cells with 1 M arsenic for 48 h, the cells were recovered in arsenic-free medium, treated with or without 5 mM sodium butyrate (NaB) for 24 h, and subjected to RT-qPCR using SLBP primers. ␥-Tubulin was used as an internal control. R24 h, cells cultured in regular medium without sodium butyrate. B, arsenic-induced reduction of the SLBP mRNA level was rescued by inhibitors of DNA methylation. After treating BEAS-2B cells with 1 M arsenic for 48 h, the cells were recovered in arsenic-free medium treated with or without 10 M 5-aza-2Јdeoxycytidine for 48 h and subjected to RT-qPCR using SLBP primers. ␥-Tubulin was used as an internal control. R48 h, cells cultured in regular medium without 5-aza-2Ј-deoxycytidine (AzaC). C, ChIP analysis of the SLBP promoter region. Mono-and dinucleosomes were purified by sucrose gradient from arsenic-treated and untreated BEAS-2B cells, and ChIP assays were performed. Levels of the active histone mark H3K4me3 at the SLBP promoter region were decreased by more than 50% after arsenic treatment, whereas H3K27me3 remained unchanged. ␥-Globin was used as a negative control. Statistical significance was calculated using an unpaired, two-tailed t test with * indicating a p value less than 0.05 and ** indicating a p value less than 0.01. Error bars represent S.D. ylation may not be the only modification that influences SLBP degradation. Other modifications such as methylation, acetylation, and sumoylation have not been investigated, and future studies should investigate the possibility that these post-translational modifications play a role in SLBP degradation. In addition, arsenic has a propensity to affect methyl and acetyl groups on proteins, and this tendency may mediate arsenic-induced SLBP degradation.
Many studies have demonstrated that arsenic exerts its toxicity and carcinogenicity primarily through epigenetic mechanisms. In line with these reports, our study revealed that arsenic affects SLBP mRNA expression via epigenetic mechanisms (Fig. 6 ). Inhibition of histone deacetylase and DNA methyltransferase activity led to recovery of SLBP mRNA levels after arsenic treatment. Inhibition of these enzymes promotes an active epigenetic landscape at the promoter, such as decreased DNA methylation and the presence of acetylated histones. H3K4me3, an active transcriptional mark, was decreased at the SLBP promoter after arsenic treatment (Fig. 6C) . Given the tendency of arsenic to affect epigenetic enzymes, future investigations should focus on the effect of arsenic on the epigenetic machinery that writes (KMT2A) and erases (KDM5b) H3K4me3. Our data also indicated that arsenic-induced hypermethylation at the SLBP gene is likely to have contributed to its silencing, which is not surprising considering the cross-talk between histone modifications and DNA methylation. Many reports have described promoter hypermethylation after arsenic treatment (21, 22) , but the mechanisms are unclear. Regardless of the mechanism, we have demonstrated that the effects of arsenic on SLBP transcription are reversible, and protein levels can be restored.
An assay in which SLBP was overexpressed further supported the notion that SLBP plays a key role in arsenic-induced polyadenylation of histone mRNA. Interestingly, overexpression of FLAG-tagged SLBP decreased the level of polyadenylated H3.1 mRNA even in the absence of arsenic treatment (Fig.  7) . The data are in agreement with the idea that in normal cells the amount of SLBP is not sufficient for its binding to every stem-loop region on histone mRNA, allowing cells to generate a small number of polyadenylated H3.1 mRNAs. This explains why we were always able to detect a certain amount of polyadenylated H3.1 mRNA without arsenic exposure.
Significance of the Presence of Polyadenylated Canonical Histone mRNA Outside of S Phase-Unlike normally processed canonical histone mRNAs, polyadenylated mRNAs are not degraded at the end of S phase (59, 60); thus, it was not surprising that we found polyadenylated H3.1 mRNA outside of S phase in arsenic-exposed BEAS-2B cells that were cell cyclesynchronized. The levels of polyadenylated H3.1 mRNA were increased almost 3-fold during mitosis by arsenic exposure as compared with the control. Although double thymidine block generally arrests cells at the G 1 /S border and makes it hard to obtain data about whether polyadenylated H3.1mRNA also exists in G 1 phase, it is clear that polyadenylated H3.1 mRNA was present to a greater extent during mitosis. The continued presence of polyadenylated H3.1 transcripts after S phase is likely due to the association of the mRNA with different translation initiation factors. SLBP associates with CBP80/20-de-pendent translation complex, which allows for the rapid degradation of histone mRNA following inhibition of DNA replication, whereas poly(A) tails associate with eukaryotic translation initiation factor 4E, which does not couple degradation with cessation of DNA replication (61) .
The presence of H3.1 outside of S phase may compete with variant histones for replication-independent nucleosome assembly. The histone variant H3.3 is constitutively expressed throughout the cell cycle and in quiescent cells. H3.3-containing nucleosomes perform specialized functions depending on their location (62) . Its presence at promoters facilitates active chromatin complexes, allowing transcriptional machinery to bind to the promoter and activate other epigenetic changes associated with transcription (63-65). H3.3 seems to have an opposite effect when it is present at telomeres; it was shown that H3.3 is required for silencing of telomeric repeats (66) . The primary structures of H3.3 and H3.1 are very similar with only five amino acid differences at positions 31, 87, 89, 90, and 96 (67) . Given the structural similarities between H3.1 and H3.3 and the specialized roles H3.3 plays in the nucleosome, the presence of H3.1 outside of S phase may interfere with nucleosome remodeling involving H3.3 and consequently interfere with gene expression, cell cycle control, and genomic stability. Alterations in histone stoichiometry due to increased H3 protein levels may also contribute to the genomic instability (50) . In fact, loss of SLBP in Drosophila causes genomic instability and impaired cellular proliferation (69) . Future studies investigating mechanisms underlying arsenic-induced carcinogenesis should consider these possibilities. Chromatin remodeling pathways involving H3.3 are dysregulated in human cancers (70) , and dysregulation of other histone variants may contribute to carcinogenesis (46) . It should be noted here that other canonical histones besides H3.1 may be present outside of S phase due to arsenic exposure because other studies have reported that SLBP depletion leads to the aberrant expression of polyadenylated mRNA from each of the histone genes (16 -18) , and this study demonstrated an increase in expression of 61 histone genes following arsenic treatment in PBMCs. The presence of other canonical histone proteins along with H3.1 outside of S phase may further interfere with nucleosome assembly and chromatin remodeling and contribute to arsenic-induced carcinogenesis.
In conclusion, our work has identified a new response to arsenic exposure causing the depletion of SLBP via epigenetic regulation at the SLBP promoter and enhanced proteasomal degradation. This effect subsequently leads to polyadenylation of H3.1 mRNA, resulting in increased H3 protein levels and the presence of H3.1 transcripts outside of S phase. Our hypothesis is that H3.1 genes are initially transcribed with a normal stemloop construct at the 3Ј-end of the mRNA. Arsenic depletes nuclear levels of SLBP, resulting in H3.1 transcripts not bound to SLBP. These unbound transcripts lose their stem-loop structure at the 3Ј-end and acquire a poly(A) tail, which increases the half-life and facilitates translation of the mRNA, two factors that provide for increased H3 protein levels. The poly(A) H3.1 mRNA is not susceptible to normal degradation that occurs at the end of S phase, allowing its presence in other phases of the cell cycle. Excess expression of canonical his-Arsenic Induces Polyadenylated H3.1 mRNA and Decreases SLBP NOVEMBER 14, 2014 • VOLUME 289 • NUMBER 46 JOURNAL OF BIOLOGICAL CHEMISTRY 31761 tones and/or their expression outside of S phase can increase sensitivity to DNA damage and increase the frequency of missing chromosomes, which lead to genomic instability (68) . Although arsenic is classified as a class 1 human carcinogen, the mechanics behind arsenic-induced cancers are not fully understood. Future research should determine the roles polyadenylated canonical histone mRNAs play in arsenicinduced carcinogenesis.
